Reversible logic is the key to enter into the new era of incredibly compact electronic devices with ultra low power consumption. Testing of these devices is another significant issue. As a new technology, new fault models are finding their confinements where testing ensures the true functioning of these devices. Several online testing strategies were proposed to spot these fault models, which are scaled on various performance parameters. This paper reveals a comparative review on online testability of reversible. Collective information of fault models, performance parameters and online testing strategies from the literature is presented. The aim is to bridge the knowledge gap for new researchers in this area rather than searching entire space. The detailed explanation of these strategies is provided by classifying them into two broad categories based on their designing principles. A comparison of experimental results on available number of benchmarks and some combinational logic circuits is presented in tabular form for better understanding.
Introduction
High power consumption is a major drawback of all portable electronic devices like display devices, mobile phones, electronic gadgets etc. At present all state-of-art chip architecture software design on power optimization is often done. Reversible logic is changing the whole scenario by drastically reducing the power requirements. It ensures nearly energy-free computation 1 by preventing the power dissipation due to loss of information as in irreversible operations 2 . Researchers are showing their remarkable efforts in designing combinational and sequential logic functions in this emerging field to reach the boundaries of logic design with ultra low power consumption. The low power designs of important building blocks of processing unit like multiplexer/de-multiplexer 3 , adder/subtractor 4 and ALU 5 are the best examples over their irreversible one. Testing must be incorporated to validate these designs. Testing guarantees the true functioning of these devices, and thus it is very important to achieve desired results. Moreover the property of producing bijective functions reduces the complexities in testable design using reversible logic by providing fully controllable and observable operations as compared to testing of irreversible logic circuits.
The Testing of any system as well as of reversible logic circuits can be categorized into online and offline approaches. Further differentiation can be made on the basis of different methodologies for testability. Designing with testable gates [6] [7] [8] [9] [10] [11] [12] and designing by modification [13] [14] [15] [16] [17] are found most favourable in the case of online testing. As a new technology, some open challenges come into the picture. Major challenges pertaining online testability include design complexity due to the high density of gates, very low signal levels, variety of fault models and technology problems like garbage output and ancilla input, fanout and feedback.
In this review paper, we first summarize basics of reversible logic, fault, fault models and performance parameters associated with online testing in section 2. Second, we demonstrate various testing approaches pertaining to online testing of reversible logic circuits from the literature by categorizing them into two broad categories in section 3 and section 4. And finally a comparative study of these approaches on available benchmarks and combinational circuits is summarized on behalf of mentioned performance in section 5.
Basic Notations and Definitions

Reversible Function and Reversible Gate
A logic function with n Boolean variables is a reversible function if it maps distinct input to distinct output, i.e. there should be n × n bijective function mapping between input and output without any repetition. A reversible gate realizes a reversible function. If a k input and k output gate produces distinct output for its distinct input functions is called as a k×k reversible gate. There is one to one mapping between input and output vectors and therefore the input state can be reconstructed from its output state. Some commonly used are Multi-Controlled Tofolli gates, Multi-Controlled Fredkin gates, Peres and Inverse Peres gates 18 .
Fault and Fault Models
Faults are any kind of imperfection in a circuit which affects the functional behavior of a system. They are classified into two main categories 19 . First are permanent faults and second are non-permanent faults. The online approach finds its application to detect permanent as well as non-permanent faults. A fault model describes the type of fault occurred in a circuit and identifies the target of testing. In this review paper, we focused only on structural fault models in reversible logic circuits. A brief definition of fault models is written below.
Missing Gate Fault
This fault refers to complete disappearance of a reversible gate from a circuit. These are transient fault models that appear in a circuit due to short or mistuned input pulses 20 . They may occur as single or multiple missing gate faults.
Cross-Point Fault
This fault model is related to the extra/missing connection to/from wires of a gate in a circuit at cross-points or control points 21 . These are referred as the appearance and disappearance faults respectively.
Cell Fault
This type of fault occurred due malfunctioning of any gate in a reversible circuit, such that it produces an incorrect output 20 . They may appear in a circuit in any form. These faults are based on the fault modeling of cellular logic arrays 22 and that is why they are called as cell faults.
Stuck-at Fault
Like traditional stuck-at fault model, this type of fault occurred in a circuit when one or more wire(s) gets stuck or fixed on a single value 0 or 1 and are called as single or multiple stuck-at 0 or stuck-at 1 faults respectively 19 .
Bridging Fault
Again, similar to the traditional fault model, this type of fault takes place when two or more than two adjacent lines in a circuit get physically bridged or shorted by means of wired AND/OR interconnections 19 . They are called as single or multiple intra-level bridging faults.
Whenever any type of fault occurred in a circuit, it will result in change of single or multiple values of bits on any wire in the circuit. They are termed as a single or multiple bit faults depending on number of fault sites. A Bit fault model 23 is exclusively meant for online testing of reversible logic circuits and its detection will identify all discussed fault models. It may be a single bit fault or multiple bit faults. It is also mentioned in article 23 where interconnections between different types of fault models were discussed.
Performance Parameters
It has been noticed in the literature, the proposed testable design techniques in reversible logic circuits are justified by means of certain parameters. On the basis of these measures; the quality and performance can be evaluated. These performance measures are defined as follows:
Gate Count
The total number of basic reversible gates required to realize a reversible circuit resembles its gate count and is the straightforward function to find the cost of a reversible circuit 24 . Sometimes gate count is analyzed on the basis of basic building blocks used to realize a reversible circuit to implement function e.g. R 1 gate 3 .
Quantum Cost
The quantum cost of a quantum circuit is defined as the sum of elementary quantum gates 18 (NOT, CNOT, Controlled V and Controlled V+ gates) used to realize a circuit 24, 25 . For more information, please refer the online content 26 .
Garbage
It is referred as additional output added to the circuit so as to maintain the equality between the number of outputs and number of inputs whose values are not important to realize a circuit 27 .
Ancilla Inputs
In the designing of a reversible circuit from an irreversible function, certain constant inputs are required whose values are set constant 0 or 1 are referred as ancilla inputs 28 . Direct fanout is not permitted with reversible logic. An additional Fynman gate is used for this purpose with one constant input wire to produce the same output or its complement depending on constant input value. This is sometimes referred as branch cost.
Above mentioned parameters have a direct relation to the area/size; if these parameters increase they raise the size of the design and hence the power dissipation will increase, consequently they should be minimized. The quantum cost has proportional relation with gate count, ancilla input is an extra source of input power and garbage represents power loss. There are some technology dependent measures like delay 28 which tells the computation rapidity and the fault coverage 19 shows the quality of design.
Designing with Testable Gates
Testing of reversible circuit exists since a decade and the researchers are showing their curiosity on the idea pertaining testing in emerging field of reversible logic. The smart way to achieve online testability is to design new online testable gates keeping minimum number of inputs, quantum cost and garbage output as a very few have proposed the same. These new gates do have some additional input and output other than functional ones to check whether a circuit performing correctly or not during its operation.
R 1 and R 2 Testable Gates
The online testable 4×4 reversible gates R 1 & R 2 in addition with a new reversible gate R were introduced in the year 2004 6 . The purpose of R 1 gate is to produce the logical functions with a parity output bit, and gate R 2 is to pass output of gate R 1 directly to its output in addition with one more output parity bit. The testable block TB is formed by combining these R 1 and R 2 , which conclude two test input and two test output. For the correct operation of the TB, the testable output must hold complementary values for complementary test input, which can be checked by using proposed dual rail checker circuit composed of the eight reversible R gate. Non complementary output of TB implies fault within the reversible gates R 1 or R 2 . The testable realization of a set of benchmarks was done and the results were analyzed on the basis of number gates (R 1 /R 2 /R) used to synthesize a circuit which includes a total number of TBs and R gates used to implement required number of rail checker circuits as number of gates and garbage output. The idea was extended by the authors where proposed gates are implemented in CMOS technology 7 using VHDL. Results conclude power dissipation in microwatts and total number of transistors required to realize a benchmark circuit.
R 1 and R 2 Testable Gates with IRC
An efficient rail check named improved rail check (IRC) circuit was proposed 8 in advancement of former approach that prove competent in terms of reduction of quantum cost and garbage output. The design consists of only a Fredkin gate and a Feynman gate rather than using R gates where a single test output depicts faulty operations in a circuit. A set of testable benchmark circuits and some sequential logic blocks were realized and performance was evaluated on the basis of total number of gates used and garbage outputs.
Online Testable CTSG
Himanshu Thapliyal et al proposed a 4×4 reversible gate, namely OTG 9 , which can perform all Boolean functions efficiently in terms of computation complexity with respect to earlier proposed R 1 gate. OTG is used in combination with 4×4 Feynman gate to form a testable block CTSG in order to achieve testability. The test output of CTSG should hold complementary logic values for the correct operation otherwise there will be a fault in OTG or in Feynman gate for different test input in accordance with the necessity of any logical function implementation. A number of testable combinational logic circuits like full adder, ripple carry adder and carry skip adder were synthesized using CTSG and the fault is verified using an improved two pair two rail checker proposed in their article. The implementations were justified in terms of number of OTG gate used, garbage output and unit delay.
Dual Rail I/O Testable Gates
In 2010 Farazmand et al proposed an idea 10 which reduces the design complexity by eliminating the necessity of separate rail checker circuit. He projected self testable reversible gates as NAND and fanout branch by means of dual rail coding scheme. These gates have the ability to implement Boolean functions and they also provide branching capability as it is not in consent of reversible logic which is required for synthesizing any circuit. Experiments were conducted on some set of benchmarks. In this method checker circuit is used only at the final output results in a large reduction of area in terms of branch cost. The method proved more efficient in terms of fault coverage and claimed cent percent coverage of single faults.
Testable Gates with Decision Line
Further, in 2011 Zamani et al introduced the idea of modification of gates 11 in such a manner that they produced necessary information at its output rather than parity generation method for the detection missing and repeated gate fault. The method comes in formation by including a detection line in his proposed gates whose value will inverse at every gate stage and error can be detected by knowing number of stages present in a circuit. The proposed reversible gates are Logic Gate LG, Fanout/Inversion Gate FIG and D- 
LG gate is used to implement a Boolean function and 3×3 FIG gate is used to make fanout/inversion branch. The error can be detected on the basis of the final output of detection line which will be different for both even and odd number of stages in a circuit. This information is collected and analyzed by using 3×3 DCG gate with inputs D even and D odd for even and odd number of stages respectively for assigned control input. The erroneous output is identified by Alarm output of DCG. The realization of some set of benchmark circuit is done using this approach and performance is analyzed on the basis of garbage and delay.
Concurrent Error Detection
Using the bijective property in reversible logic, inputs are regenerated at the outputs if the output signal is again applied at the inputs of a reversible circuit. The problem of testing was resolved by establishing the idea of detecting multi-bit error named as inverse and compare method 12 . The method shows the reduction of area/size by minimizing the requirement of excessive garbage output in design for testability. The problem of fanout was avoided by the use of Feynman gate. The implementation of concurrently testable full adder is proposed by using OTG 6 and its inverse gate IOTG where outputs are taken from the intermediate Feynman gates. The fault can be detected by comparing primary inputs to OTG and outputs of IOTG resulting zero garbage and delay of 3 units using 3 gates only with quantum cost of 20.
Designing by Modification
Another way of achieving online testability in reversible logic circuits is to design by modification of existing standard circuits. In this approach, the original circuit is modified by adding a number of reversible gates and wires with constant inputs in order to attain online testability.
Derived Gate Method
In this regard Mahammed et al proposed a two step procedure of conversion of a gate into its testable one from its standard gate 13 . The authors also proposed a new reversible gate URG that realize four basic logic functions efficiently in terms of quantum cost. In first step a n × n reversible gate R into a deduced reversible gate (n+1) × (n+1) DR a without changing the original functionality of the circuit by adding a test input and a parity output. In second step DR a is cascaded with (n+1) × (n+1) identity reversible gate DR b with another test input and a parity output to form (n+2) × (n+2) testable reversible cell TRC. The identity gate DR b passes output of DR a directly to its output except another test input line and generate another parity bit. The detection of fault can be done by assigning logic values to both input parity bits and check corresponding output parity bits. If test inputs are assigned same logic values, then output parity bits should be same or vice versa for non erroneous operation of TRC. Moreover a testable cell TC was also proposed to detect faults consisting of multiple TRCs. Authors illustrated their method by implementing a testable Fredkin based 2×4 decoder and proven efficient in terms of its CMOS characteristics with 2.249×10-9μW dynamic power using 1496 number of transistors with a critical delay of 13.2ns.
ETG for ESOP based Tofolli Circuits
Another idea for testable design with existing circuit 14 was proposed by N M Nayeem et al in 2011. The idea was meant for exclusive sum of product (ESOP) based Toffoli circuits which ensures the detection of single bit fault in a reversible circuit with a negligibly increment in garbage on the cost of small increase quantum cost. The process of conversion of an ESOP circuit in its testable form is followed by three steps. In first step every n-bit Toffoli gate in the circuit (n+1)-bit Extended Toffoli Gate (ETG) connected to additional parity line without disturbing original circuit. In the second step, CNOT gates are included from all the output lines to the parity line and in third step CNOT gates added from each input lines to parity line ahead and behind complete circuit. This requires addition of CNOT gates equals more than twice the number of input line which enhanced the quantum cost but garbage output is same as that of original circuit. The fault can be detected if the value of output parity bit changes from 0 to 1 during its operation. The performance of this method was predicted in terms of quantum cost and garbage output by performing experiments on some benchmark circuits depicting garbage output and quantum cost.
ETG for All Tofolli Circuits
The approach in section 4.2 is extended by authors in the article 15 for any type of Toffoli circuit. An online testable circuit is constructed from its original circuit in a similar manner by neglecting the second step in previous method. First a Toffoli gate is converted into ETG connected to additional parity line and then CNOT gates are inserted from all lines to parity lines before and after the original circuit. This requires only twice the number of lines additional CNOT gates. The fault is detected in the same manner by logic value at output of parity line. The detailed study is specified in the article 16 where a large number of benchmarks have been developed and comparative study for proposed method is analyzed.
DFT Methodology
In this regard Sen et al also proposed a DFT methodology 17 using concurrent error detection scheme. The authors demonstrate the idea of converting a reversible gate into its online testable form, ensuring detection of nearly all multiple bit faults by introducing a DFT process algorithm based on parity generation which renovates a standard reversible gate into its online testable one. This result in three error detecting bits used to test a circuit to detect and locate the faults. Synthesis of a testable 3×3 Toffoli gate and a Peres gate was given where fault can notice by three error detecting bits. These bits should hold a null value for a fault free circuit operation. The results were evaluated by performing experiments on existing reversible gates, three benchmarks, a full adder and a full subtractor circuit which are synthesized by using proposed online testable Peres gate.
Comparison Analysis
There are various types of methods seen in two broad classifications, designing with testable gates and designing by modification of existing circuits. These methods were claimed to cover new family of fault models by detecting single or multiple bit fault(s). These methods were justified on the basis of performance parameters: quantum cost (QC), Garbage (GO), number of gates used (NoG), and ancilla inputs (AI), which clearly directs toward up downs in area/size and consequently increment and decrement of power dissipation in designing with testability for reversible logic. Quantum cost was not reported by most of the researchers, but number of gates has proportional relation with it.
The comparison of implemented online testable combinational circuits can be seen in Table 1 with performance measures. Table 2 summarizes a comparison of all covered benchmarking circuits 26 incorporated with online testability. It can be seen from the tables that the performance parameters QC and GO are comparatively small with R 1 and R 2 gates 6, 7 and CTSG 9 and GO is minimum in ETG based designs [14] [15] [16] which shows more suitable online testable designs for reversible logic circuits. Moreover, the bijective property of reversible logic circuits that they contain same number of inputs and outputs is found most favorable for online testability. The property can be used to generate or preserve information of input and output vectors in form of parity easily. This property is used to design online testable gates and testable cells like R 1 & R 2 gates 6, 7 and CTSG 9 . Also a reversible gate or a circuit was modified in order to generate parity bit by adding extra wire and CNOT gates [13] [14] [15] [16] and with concurrent error detection technique 12, 17 to generate error detecting information. Despite of significant progress in online testability of reversible logic, talks and debates are still remaining to develop new methods of synthesizing testable reversible circuits with minimum quantum cost, garbage outputs and ancilla inputs to replace the existing ones. 
